Two well-known antibiotic heterocycles, the 'quinolone' nalidixic acid and the b-lactam penicillin V, active at different levels of the bacterial growth process, have been attached via an ether-ester junction to the p-tert-butylcalix[4]arene lower rim, in alternate position. The resulting hydrophobic molecular drug-organisers were fully characterized, and evaluated over two Gram negative and three Gram positive reference strains, using disk diffusion assays with disks impregnated with solution of title compound in pure DMSO. An interesting activity was observed over Staphylococcus aureus ATCC 25923 with the dissymmetrical podand incorporating one penicillin and one nalidixic ester moieties.
Introduction
Due to their intrinsic physico-chemical and chemical properties, the calixarenes have often been employed, in the last years, as carriers and spatial organisers of various kinds of active substituent, displaying properties dealing with the recognition of organic substrates or metallic cations. [1] [2] [3] [4] [5] Such organising properties could be of great interest in the building of molecular drug-organisers or dispensers, notably as medically valuable structures incorporating probes and drugs; in the last case, a biochemically controlled release should be expected, resulting for such edifices in a drug-carrier or a prodrug behaviour. The resulting oligomeric structures could thus be considered as size-intermediate between discrete drugs and polymeric ones, the latter being emergent over the last 10 years, with the apparition of said polymer therapeutics 6 using polymeric drugs, 7 hybrid polymer drugs, 6, 8, 9 polymeric micelles containing covalently linked drugs. 10, 11 As recently reviewed by de Fatima et al, 12 and Kalchenko and coworkers 13 very few reports, essentially under the form of patents, describe therapeutical activities of calixarenes and derivatives; some of them, hydrophilic, have shown interesting activities against bacteria, 14 fungi, cancerous cells and enveloped viruses, 15 but also against thrombosis 16 or fibrosic diseases. 17 Biological studies related to plasmid DNA binding and cell transfection have been recently reported by Ungaro and co-workers. 18 In the middle 50's, the calixarene derivative 'Macrocyclon', 19a and more recently some parent structures, 19b-d have been studied in the treatment of tuberculosis and other mycobacterioses. Calixarene-based mimics of vancomycin has also been described. 20 In this field, our contribution has been devoted to the design of new anti-HIV 21 or anti-corona virus 22 agents and, with regards to spreading resistances of pathogenic microorganisms against actual antibiotics, 23 antibacterial [24] [25] [26] [27] [28] [29] [30] agents.
In parallel, we have approached the synthesis of new compounds thought as molecular drug-organisers or dispensers, based on a calixarene platform, and displaying at the lower rim penicillin, or said 'quinolone' moieties attached via a labile bound.
Our first molecular target was an antibiotic penicillin grafted in alternate position of the cone conformer of the 1,3-bis(O-acetyl)p-tert-butylcalix [4] arene, via amide links involving the external amino group of 6-APA. 31 As such a structure should be considered as a pure b-lactam antibiotic (the calixarene subunits playing the role of the external amide function), we have investigated other synthetic approaches involving a labile ester junction. This was applied to nalidixic acid (the first derivative of the said 'quinolone' family) 32, 33 or penicillin antibiotic derivatives. 34 Supposing that a synergistic antibacterial effect could occur through the incorporation of different kinds of known antibiotic species on the same spatial organiser, calixarene derivatives incorporating various penicillin or 'quinolone' subunits were also prepared.
In this sense, we present here the synthesis and characterization, then the antibacterial evaluation of their DMSO solutions with disk diffusion assays, of the dissymetric podand 3 bearing one penicillin and one 'quinolone' (penicillin V and nalidixic acid) bound distally at the lower rim of p-tert-butylcalix [4] arene by a labile propyl linker, the corresponding bis-nalidixic, bis-penicillin V and bis-hydroxypropyl derivative 5, 32 6, and 4 (Scheme 1), respectively, then penicillin V, potassium salt (PVK) and nalidixic acid (NA).
Results and discussion

Synthesis
Previous results showed first that penicillins esters of O-alkoxy calixarenes were obtained only via reaction of a penicillin salt with a bromoalkyl calixarene, 34 forcing introduction of the bromoalkyl arm in a preliminar step; secondly, that adaptation of this pathway to salts of nalidixic acid and parent compounds was uneasy and tedious, a contrario to O-alkylation of calixarene by a bromoalkyl derivative. 32 In this sense, the formation of 2 from 1,3-bis(bromopropyl)calixarene was discarded. In addition, the choice was done to introduce the penicillin moiety at the last step, in order to avoid degradation of this pH-sensitive unit. It was thus decided to prepare first the mono-bromopropylcalixarene 1, to alkylate it at the opposite position with bromopropyl nalidixate to obtain 2, then to introduce the penicillin moiety on the bromopropyl arm (Scheme 2).
The synthesis of 1 was performed in the conditions favouring the monosubstitution 35 by reaction of 4 equiv of 1,3-dibromopropane on p-tert-butylcalix [4] arene A, in the presence of 0.6 equiv of K 2 CO 3 in dry MeCN. 1 was thus obtained with a yield of 37% after purification by chromatography. The reaction of 1 with bromopropylnalidixate, in the presence of 0.6 equiv of K 2 CO 3 in dry MeCN afforded the podand 2. Incorporation of the penicillin V onto the residual brominated arm was performed in dry DMF at 35°C, under inert atmosphere, by reacting 2 with an excess of potassium salt of penicillin V (PVK). The podand 3 that was formed was thus isolated pure after chromatography with a yield of 73%. The 1,3bis-propylnalidixic ester 5, prepared as described, 32 was chosen as starting material for the synthesis of the 1,3-bis-propyl alcohol 4 (Scheme 3). This choice was done after observing some degradation into methylnalidixate over silica gel during chromatography of 5 and other derivatives, when methanol was used as constituent of the mobile phase. This was applied in solution directly onto 5, to give 4 with a yield of 62% after chromatography. The 1,3-bis-pro-pylpenicillinate 6 was prepared in 32% yield by direct reaction of PVK on the 1,3-bis-(3-bromopropyl)-calixarene, 36 in dry DMF at 40°C under Ar.
All compounds were fully characterized, notably by NMR, elemental analysis and ES-mass spectrometry, that gave results consistent with the proposed formulas. The structural complexity of these species necessitated high resolution 2D NMR experiments (COSY, HMQC and HMBC) to assign as far as possible all resonance signals. 1 H and 13 C NMR showed that the cone conformation was maintained in 1-6, with Ar-CH 2 Ar resonance signals appearing as AB systems at ca. 3.30-3.50 (equatorial H) and at ca. 4.20-4.40 (axial H) ppm, and at ca. 32.20-33.40 ppm (CH 2 ), respectively. The integrity of the b-lactam structure in the fragile penicillin subunit was verified in compounds 3 and 6, as well as by 1 H NMR, with the presence of the expected resonance signals at 5.59 ppm (d, J = 4.3 Hz) for H(5) and 5.71 ppm (dd, J 1 = 9 Hz, J 2 = 4.3 Hz) for H (6) , than by IR spectroscopy, through the presence of the pename carbonyl group band at ca 1790 cm À1 .
Biological evaluations
Preliminar biological investigations were attempted in solid and liquid phases, with various Gram positive and Gram negative bacteria. Nevertheless, the lack of solubility in aqueous media of these amphiphilic compounds, useful for studies at the air-water interface, 33, 34 was in fact deleterious for bacteriological studies in solution. The amounts of DMSO necessary to co-solubilise podands 3-6 in water was much more higher than the 1-3% admitted in liquid phase antibacterial assays. We verified in this sense that DMSO, depending on concentration in water, could act alone as an antibacterial agent. 37 For solid phase, antibiotic disk diffusion assays were performed on Mueller-Hinton agar with sterile 6 mm diameter disks impregnated with different quantities of compound 3, 4, 5 and 6 in volatile organic solvent, and dried prior deposition. No growth inhibition surface around the cellulose disks was observed, that was interpreted either by a lack of activity, or a lack of solubility and diffusibility of title compounds.
For these reasons, this solid phase approach was attempted using disks impregnated with pure DMSO solutions of compounds, taking into account probable antibacterial activities of this solvent. In fact, even if this solvent has been introduced into veterinarian medicine and clinical medicine as an experimental agent in the middle of 20th century, 38 we found no clear information concerning the use of pure DMSO as antibacterial agent or as single solvent for drugs to test in liquid or solid phase antibacterial assays. 39 In the present work, DMSO was used as pure vehicle to solubilise compounds for impregnation of sterile cellulose disks; this implied the use of disks impregnated with DMSO alone in order to check its own activity on reference bacterial strains used in these assays.
All antibacterial assays were conducted according to CLSI recommendations, 40 against three Gram positive reference strains, Staphylococcus aureus ATCC 25923, S. aureus ATCC 29213, and Enterococcus faecalis ATCC 29212, as well as against two Gram negative reference strains E. coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853.
DMSO solutions of nalidixic acid NA and potassium salt of penicillin V (PVK) were preliminary evaluated, pure or as binary mixture, at concentrations equivalent to the maximum dose releasable by calixarene derivatives 3 of the present study.
As shown in Figure 1 , DMSO exhibited an activity only against Pseudomonas aeruginosa ATCC 27853 (image V). The growth inhibition diameters being equivalent for the four disks, one can suppose that only DMSO and not NA and/or PVK displays an activity against this bacterial strain. Against E. coli ATCC 25922, NA exhibits a moderate activity, and PVK a little one; E. faecalis is not sensitive to both antibacterial agents, as expected. The S. aureus ATCC 29213 strain Scheme 1. Symmetric calixarene derivatives of the present study. displays a sensitivity to both antibacterial agents, but, with respect to inhibition diameters for penicillin, much lesser than the ATCC strain 25923, that exhibits a very strong sensitivity towards PVK.
The calixarene derivatives of the present study were dissolved in pure DMSO, at concentrations corresponding to a maximum release, if hydrolysis occurs, of 20 to 60 lg of penicillin V, or ca. 40 lg of nalidixic acid, from 20 lL of solution applied to 6 mm sterile cellulose disks. The values are given in Table 1 .
The results given in Figure 2 confirmed first that DMSO (central disk) does not exhibit an antibacterial behavior, except for P. aeruginosa ATCC 27853 (image V), for which all DMSO solutions of compounds display a similar growth inhibition diameter. No inhibition zones were found for S. aureus ATCC 29213 (image II), E. faecalis ATCC 29212 (image III), and E. coli ATCC 25922 (image IV), for all substances. The DMSO solutions of the di-alcohol 4, the bis nalidixate derivative 5 and the bis-penicillinate 6 do not exhibits any activity against all of the reference strains. An important growth inhibition was found only for the dissymmetrical compound 3 that contains one penicillin and one nalidixate arm, against S. aureus ATCC 25923 (disk A, image I), with an inhibition diameter of 31.5 mm, while a very little one was observed for the same strain with bis-penicillinate 6. This strain does not exhibit a natural resistance to nalidixic acid or to penicillin V.
A second series of experiments was conducted with compound 3 (old and fresh solutions), 6 and PVK in order to reach similar released quantities of penicillin V (Table 2; Figure 3 )
The results given in Figure 3 confirm the previous observations: a quasi lack of activity against E. faecalis ATCC 29212 and E. coli Figure 2 , I D , as expected if accepting a linear relation between concentration and inhibition diameter. Thus, penicillin V-containing calixarene derivatives of this study (compounds 3 and 6) display an antibacterial activity against S. aureus ATCC 25923, more pronounced for the dissymmetric derivative 3.
The results obtained with compound 3 against S. aureus ATCC 25923 could be explained by a specific hydrolysis of the penicillin ester linkage that, surprisingly, does not occur at a similar level with the bis penicillin ester 6. As no growth inhibition zone appears with 3 and its analogue 6 against S. aureus ATCC 29213 strain, while PVK is moderately active, lead us to consider an enzymatic hydrolytic process specific to S. aureus ATCC 25923 strain. In addition, it is well defined that S. aureus ATCC 29213 is a weak betalactamase-producer strain, 41 that can also explain the discrepancy observed between these two strains against PVK.
Conclusion
In conclusion, we have found that pure DMSO does not exhibit an antibacterial effect against the three Gram positive reference strains S. aureus ATCC 25923, S. aureus ATCC 29213, and E. faecalis ATCC 29212, as well as against the Gram negative reference strain E. coli ATCC 25922; a contrario, an activity is observed against the Gram negative reference strain P. aeruginosa ATCC 27853. It can be used pure as solvent for known drugs and for investigation of antibacterial properties of new substances, but, nevertheless, care must be taken concerning possible synergistic effects.
We have found that only the calixarene derivative 3, integrating one penicillin V and one nalidixic acid subunit, both tethered via a labile ester linkage to the calixarene core, expressed an interesting activity against S. aureus ATCC 25923 strain. This calls for further deeper investigations at the frontier of biology and physico-chemistry, involving drug titration, modelisation of hydrolysis at the air-water interface and in membrane models, in order to understand why 3 and not 6 exhibit an activity, evaluation of the role of the calixarene moiety vs possible synergistic effects, as well as evaluation of antibacterial properties of other lipophilic prodruglike designed calixarene derivatives.
Experimental
Chemistry
General
Melting points (°C, uncorrected) were determined on an Electrothermal 9200 Capillary apparatus. 1 H and 13 C NMR spectra were recorded on a Bruker DRX 400 (chemical shifts in ppm). Mass spectra (electronic ionisation-EI, and electrospray-ES) were recorded on a Nermag R-1010C apparatus or a Micromass Platform II apparatus, respectively, at the Service Commun de Spectrométrie de Masse Organique, Nancy. Infrared was performed on a Bruker Vector 22 apparatus (KBr, m in cm À1 ) and UV spectra were recorded on a SAFAS UV mc 2 apparatus, k max in nm, e in mol À1 dm 3 cm À1 . Elemental analyses were performed at the Service de Microanalyse, Nancy. Merck TLC plates were used for chromatography analysis (SiO 2 , ref 1.05554; Al 2 O 3 , ref 1.05581). All commercially available products were used without further purification unless otherwise specified.
5,11,17,23-Tetra-(tert-butyl)-25-(3-bromopropyloxy)-26, 27,28-trihydroxycalix[4]arene (1)
A suspension of p-tert-butylcalix [4] arene A (2 g, 3.08 Â 10 À3 mol) and K 2 CO 3 (0.256 g, 1.85 Â 10 À3 mol) in dry MeCN (100 mL) was refluxed during 30 min. 1,3-dibromopropane (1.7 mL, 11.62 Â 10 À3 mol) was then added, and reflux was maintained during 7 h. The solvent was evaporated and the solid residue was dissolved in CH 2 Cl 2 . The resulting solution was washed with H 2 O, dried over Na 2 SO 4 , concentrated then cooled to 4°C. The resulting precipitate was filtered off, and the filtrate was chromatographed (SiO 2 , CH 2 Cl 2 /hexane; 1:1) to give 1 (0.9 g, 37%). (2) A mixture of monobromopropylcalix [4] arene 1 (0.3 g, 0.39 Â 10 À3 mol) and K 2 CO 3 (0.033 g, 0.23 Â 10 À3 mol) in dry MeCN (60 mL) was refluxed under Ar during 30 min. The bromopropyl nalidixate (0.137 g, 0.39 Â 10 À3 mol) was then added, and reflux was continued during 48 h. The solvent was evaporated to dryness and the residue was dissolved in CH 2 [4] arene 5 32 (0.24 g ; 0.2 Â 10 À3 mol) in a mixture of dry CHCl 3 (19 mL) and EtOH (1 mL) was refluxed during 48 h (TLC monitoring). The silica gel was filtered off, rinsed with 25 mL of a 9:1 mixture of CH 2 Cl 2 and EtOH, and the combined filtrates were evaporated The semi-solid residue was dissolved in CH 2 Cl 2 and evaporated again until a solid material was obtained. The latter was triturated in dry Et 2 O (5 mL) then filtered. The filtrate was evaporated to dryness, and the residue (0.2 g) was chromatographed (SiO 2 ; CH 2 Cl 2 :EtOH 99/1 then 97/3) to separate ethyl nalidixate and the desired diol as a semi-glassy material. The latter was triturated in a 66/33 mixture of pentane and Et 2 O to give the diol 4 (0.095 g, 62% was stirred under argon at 40°C. The reaction was monitored by chromatography (SiO 2 ; CH 2 Cl 2 /Et 2 O 5:1). After 42 h, the solvent was evaporated to dryness at room temperature, then the residue was dissolved in CH 2 Cl 2 and washed with H 2 O. The organic phase was dried over Na 2 SO 4 and the solution was concentrated, then chromatographed (SiO 2 ; CH 2 Cl 2 /Et 2 O 5:1) to give 10 (0.1 g; 32%). White powder. Mp: 108°C. IR (KBr): 1709.31 cm À1 (CO amide); 1745.35 cm À1 (CO lactam); 1788.19 cm À1 (CO ester). UV-vis (CHCl 3 ): 279 (7385). 1 
Antibacterial assay
Antibacterial activities were evaluated on Mueller-Hinton agar by using antibiotic disk diffusion assay. Sterile 6 mm diameter disks were impregnated with 20 lL of DMSO solutions of nalidixic acid NA and potassium salt of penicillin V (PVK) that were prepared at concentrations equivalent to the maximum dose releasable by calixarene derivatives 3, or DMSO solutions of calixarenes prepared at concentrations corresponding to a maximum release, if hydrolysis occurs, of 20-60 lg of penicillin V, or ca. 40 lg of nalidixic acid, from cellulose disks. The plates were incubated at 37°C, with readings at 24 h of incubation.
